Abstract. has been found to promote cell proliferation and survival. It has also been shown to exhibit an increased expression in a number of forms of cardiovascular disease. However, the mechanisms underlying the involvement of miR-21 in atherosclerosis remain to be elucidated. In the present study, it was demonstrated that miR-21 was upregulated in a time-dependent manner in response to high-concentration glucose stimulation in Raw 264.7 macrophages. High concentrations of glucose induce macrophage apoptosis. miR-21-inhibited macrophages treated with a normal concentration of glucose exhibited increased levels of cell apoptosis and augmented levels of activated caspase-3, while cells treated with an miR-21 inhibitor and a high concentration of glucose, revealed significantly increased levels of apoptosis. In addition, inhibition of miR-21 increased mRNA and protein levels of programmed cell death 4 (PDCD4), which, by contrast, were reduced in miR-21-inhibited cells that had been treated with a high concentration of glucose. In conclusion, miR-21 is sensitive to high-concentration glucose treatment in macrophages, and appears to have a protective effect in macrophage apoptosis induced by high concentrations of glucose via PDCD4.
Introduction
Cardiovascular disease is the leading cause of mortality among individuals with diabetes and diabetes is a significant risk factor for the development of cardiovascular disease (1, 2) . Patients with diabetes have a clear predilection for atherosclerosis, and >80% diabetic patients succumb to acute coronary syndrome (1, 2) . Apoptosis of macrophages contributes significantly to the development of vulnerable atherosclerotic plaques (3) (4) (5) . As demonstrated in early postmortem studies, apoptosis of macrophages is increased in atherosclerotic plaques in patients with diabetes (6) . The signal transduction of apoptosis in macrophages involves a complex network, and the mechanism underlying macrophage apoptosis remains to be elucidated.
MicroRNAs (miRNAs) are small, endogenous, non-coding RNAs of ~22 nucleotides that have a broad impact on gene expression through translational repression or post-transcriptional suppression (7, 8) . It is estimated that there are >700 miRNAs in humans and that the number of miRNA targeted genes in the human genome is as high as 1,000 (9, 10) . A single miRNA may regulate the expression of multiple target genes. Therefore, miRNAs may regulate various biological processes, including development, differentiation, carcinogenesis, cell proliferation and apoptosis (11) . To date, miRNAs have been shown to have crucial roles in a number of diseases, including cancer, infectious diseases, diabetes and cardiovascular disease (12) (13) (14) (15) .
Recently, microRNA-21 (miR-21), which has been reported to be involved in a number of forms of cardiovascular disease has become an increasing focus in research. miR-21, which is considered to be an oncomiR (16) , is expressed in diverse types of cardiovascular cells, including cardiomyocytes, cardiac fibroblasts, vascular smooth muscle cells and human umbilical vein endothelial cells (HUVECs) (17) (18) (19) (20) . In addition, altered expression of miR-21 may lead to the development of cardiovascular disease (19) . miR-21 has been reported to be a novel regulator for neointimal lesion formation (21) . In the rat carotid artery, following angioplasty, miR-21 was found to be aberrantly expressed, and downregulation of this overexpression of miR-21, decreased neointima formation. The expression of miR-21 has been found to be significantly upregulated in atherosclerotic arteries (22) . However, the mechanisms underlying miR-21 involvement in atherosclerosis remain to be elucidated. miR-21 has been observed to target and downregulate programmed cell death 4 (PDCD4) (23) and to promote cell proliferation. In addition, overexpression of miR-21 represses normal apoptotic signaling, and inhibition of miR-21 increases cell apoptosis (23, 24) . Therefore, cell apoptosis regulated by miR-21 may be a potential mechanism contributing to the development of atherosclerosis and miR-21 may be involved in macrophage apoptosis.
It was hypothesized that miR-21 is able to resist macrophage apoptosis induced by high glucose concentrations via PDCD4. In the present study, in order to investigate the effect of miR-21 on macrophage apoptosis, Raw 264.7 macrophages were stimulated with high glucose concentrations and transfected with an anti-miR-21 inhibitor. The levels of miR-21 expression, PDCD4 expression and cell apoptosis were subsequently measured.
Materials and methods
Cell culture and treatment. The Raw 264.7 murine monocytic cell line was routinely maintained in Dulbecco's modified Eagle's medium (5,5 mM D-glucose) supplemented with 10% fetal bovine serum and cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Cells were passaged every 2-3 days in order to maintain exponential growth. Treatment of Raw 264.7 macrophages with 5.5 mM glucose (normal glucose, NG), 25 mM glucose (high glucose, HG), or 25 mM mannose (osmotic control, OC) were performed in serum-free media.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of miR-21 and PDCD4 mRNA expression. Total RNA was extracted from treated cells using the mirVana miRNA isolation kit (Ambion, Inc., Austin, TX, USA) or TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). For analysis of the expression of miR-21, 10 ng total RNA was reverse transcribed into cDNA using MultiScribe reverse transcriptase (Applied Biosystems, Foster City, CA, USA). qPCR was performed using a standard TaqMan PCR protocol according to manufacturer's instructions (Applied Biosystems). The relative miR-21 expression level was then calculated using the 2 -ΔΔCT method (25) and normalized to the expression of U6. Relative levels of PDCD4 mRNA were examined using SYBR green quantitative reverse transcription-PCR (Applied Biosystems) and normalized to β-actin. The specific primer sequences were as follows: Forward: 5'-GGTGGATGTGAAAGATCCAAA-3' and reverse: 5'-CATCCAGGGGCAAAACTACA-3' for PDCD4 and forward: 5'-CAACTTGATGTATGAAGGCTTTGGT-3' and reverse: 5'-ACTTTTATTGGTCTCAAGTCAGTGTACAG-3' for β-actin.
Oligonucleotide transfection. For miR-21 inhibition, cells were plated in 12-well plates at 3x10 5 cells/ml and incubated at 37˚C in a 5% CO 2 atmosphere. Cells at 50-70% confluence were transfected with 60 nM of anti-miR-21 inhibitor via use of Lipofectamine 2000 reagent (Invitrogen Life Technologies).
Cells were incubated for 24 h post-transfection prior to treatment with NG or HG. The anti-miR TM miRNA inhibitor (cat no. P/N: AM17000) and the negative control (cat no. P/N: AM17010) were purchased from Applied Biosystems.
Western blot analysis. Total protein from cells was extracted using a radioimmunoprecipitation assay buffer (1 mM MgCl 2 ; 10 mM Tris-HCl, pH 7.4; 1% Triton X-100; 0.1% SDS; and 1% NP-40). Proteins were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen Life Technologies), transferred to nitrocellulose membranes (Merck Millipore Ltd., Carrigtwohill, Ireland) and incubated with a rabbit polyclonal anti-PDCD4 antibody (sc-292504; 1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal anti-caspase-3 antibody (sc-7148; 1:200; Santa Cruz Biotechnology) or a rabbit polyclonal β-actin antibody (ab8227; 1:1,000; Abcam, Cambridge, UK), followed by rabbit immunoglobulin G horseradish peroxidase-conjugated secondary antibody (ab6721; 1:1,000; Abcam). Blots were developed using Supersignal West Dura extended duration substrate (Perbio, Cheshire, UK). Images were captured using a Chemigenius imaging system (Syngene, Cambridge, UK).
Flow cytometry analysis of cell apoptosis using propidium iodide-Annexin V staining. Cells plated in 12-well plates were transfected with anti-miR-21 inhibitor or negative control for 24 h, and then treated with NG or HG for 48 h. The apoptotic ratio was analyzed using an Annexin V fluorescein isothiocyanate apoptosis detection kit (Bipec Biopharma Corporation, Cambridge, MA, USA) on a BD FACSCalibur™system (Becton-Dickinson, San Jose, CA, USA) according to the manufacturer's instructions. The experiments were repeated three times.
Statistical analysis. Data are presented as the mean ± standard error of the mean. Comparisons among groups were assessed using a one-way analysis of variance. Analysis was conducted using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-21 expression is upregulated by high levels of glucose.
In order to examine whether the expression of miR-21 in macrophages was regulated by high concentrations of glucose, Raw 264.7 macrophages were treated with 5.5 mM glucose (NG), 25 mM glucose (HG) or 25 mM mannose (OC) for various time periods (0, 1, 3, 6, 12 and 24 h). TaqMan RT-qPCR demonstrated that the expression of miR-21 mRNA was significantly upregulated by HG, whereas it was reduced by OC (Fig. 1) . Compared with the NG group, a non-significant increasing trend was observed in the HG group. The increase in miR-21 expression at 6 h was statistically significant.
miR-21 regulates macrophage apoptosis induced by high levels of glucose.
As cell apoptosis has previously been observed to increase with increased miR-21 expression (24), the complex role of miR-21 on high-glucose-induced macrophage apoptosis was investigated. Cells were transfected with an anti-miR-21 inhibitor or a negative control, and incubated for an additional 48 h with NG or HG. Apoptosis of cells was detected by flow cytometry. miR-21 mRNA expression was significantly decreased following anti-miR-21 inhibitor transfection (Fig. 2) . The results of the flow cytometric analysis demonstrated that apoptosis of macrophages transfected with the anti-miR-21 inhibitor was significantly higher than in those transfected with negative control and incubated with NG (Fig. 3A) . In addition, miR-21-inhibited cells treated with HG exhibited a significant increase in apoptosis compared with HG-treated negative control cells, or cells treated with miR-21 inhibition alone (the NG group). The results indicated that miR-21 had a protective effect against high-concentration glucose-induced macrophage apoptosis.
Western blot analysis (Fig. 3B ) indicated an increased level of activated caspase-3 protein in miR-21-inhibited cells compared with that in control cells, an increased level with HG-treated miR-21-inhibited cells compared with that in HG-treated controls, and an increased level with the miR-21 inhibitor alone (NG group) compared with that in cells treated with negative controls.
PDCD4 expression in macrophages incubated with high levels of glucose. Raw 264.7 macrophages were treated with NG, HG or OC for various time periods and the expression of PDCD4 mRNA was then determined. As shown in Fig. 4A , macrophages treated with HG revealed a markedly reduced expression of PDCD4 mRNA at 12 h, which was increased from 24 h compared with NG control cells. However, PDCD4 mRNA expression was significantly increased after 6 h in the OC group. PDCD4 protein level was also appeared to be reduced following HG treatment for 12 h (Fig. 4B) .
Inhibition of miR-21 promotes PDCD4 expression.
A previous study demonstrated that PDCD4 is a potential miR-21 target in various cell types (22) . in order to verify PDCD4 as a target gene of miR-21 in high-glucose-incubated macrophages, the anti-miR-21 inhibitor was transfected into macrophages to inhibit miR-21 expression. Following NG treatment, the mRNA and protein expression of PDCD4 in macrophages transfected with anti-miR-21 inhibitor was higher than in those transfected with negative control (Fig. 5) , which indicated that in macrophages, miR-21 inhibition promotes PDCD4 expression and that PDCD4 is the target gene of miR-21. Following HG treatment, PDCD4 expression in miR-21-inhibited macrophages remained higher than in cells transfected with negative control, but lower than that in miR-21-inhibited cells followed by treatment with NG, which indicates that high concentrations of glucose may reduce PDCD4 expression of macrophages via an miR-21 pathway.
Discussion
In the present study, it was demonstrated that miR-21 was sensitive to high glucose treatment in Raw 264.7 macrophages. The expression of miR-21 was significantly upregulated at 6 h, and a non-significant time-dependent increase was observed at the other time points in response to high glucose stimulation. In addition, miR-21 is able to resist macrophage apoptosis induced by high glucose via its action on the target gene, PDCD4.
miR-21, located on chromosome 17q23.2, exhibits a clear evolutionary conservation across a number of species and a markedly conserved role in gene regulation (26) . miR-21 is reported to be universally expressed in mammalian organ systems, including the heart, spleen, colon and small intestine (27) , whereas aberrant expression is observed in atherosclerosis, cardiac hypertrophy, heart failure and acute myocardial infarction (19) . miR-21 expression has been revealed to be augmented by multiple stimuli, including lipopolysaccharides, shear stress, hydrogen peroxide, transforming growth factor-β, angiotensin Ⅱ and ischemia/reperfusion injury (20, (28) (29) (30) (31) . However, few studies have been conducted regarding the expression of miR-21 in macrophages. In the present study, it was also observed that miR-21 expression was sensitive to high glucose in Raw 264.7 macrophages and increased following high concentration glucose treatment in a time-dependent manner, which was in accordance with the results of Sheedy et al (28) , who found that lipopolysaccharide treatment induced miR-21 expression in Raw 264.7 macrophages, whilst it did not have the same effect in the human acute monocytic leukemia cell line. miR-21, as a novel gene regulator, promotes cell proliferation and survival, and inhibits cell apoptosis. miR-21 has been observed to inhibit cell apoptosis in mouse periovulatory granulose cells (32) . Downregulation of miR-21 expression by antisense oligonucleotides induced cell apoptosis by activating caspase-9 and caspase-3 (33) . Furthermore, following treatment with an adenovirus expressing miR-21, ischemia-induced cell apoptosis decreased in the infarcted and border areas of the rat heart following acute myocardial infarction (34) . miR-21 has been shown to augment ERK-MAP kinase activity through inhibition of sprouty homologue 1 and to promote ERK-MAP kinase-mediated cell survival in cardiac fibroblasts (35) . However, the effect of miR-21 on macrophage apoptosis induced by a high glucose concentration remains to be elucidated. Caspase-3, a key molecule in the classical apoptotic pathway, has an important role in high-concentration glucose-induced apoptosis. A high glucose level induces macrophage apoptosis through activation of caspase-3 (36) . Therefore, the expression of caspase-3 is used as the primary indicator of macrophage apoptosis. In order to clarify the function of miR-21 in macrophage apoptosis, Raw 264.7 macrophages were transfected with an anti-miR-21 inhibitor to inhibit the expression of miR-21 in the present study. It was shown that inhibition of miR-21 in macrophages increased cell apoptosis and augmented activated caspase-3 expression, which suggests a role in increased macrophage apoptosis. Apoptosis was further increased in miR-21-inhibited macrophages treated with high glucose. These results suggest that miR-21 has an antiapoptotic effect on macrophage apoptosis induced by high concentrations of glucose, possibly via the caspase-3 pathway. Although high concentrations of glucose may induce macrophage apoptosis through multiple signaling pathways, miR-21 may be a key regulator of macrophage apoptosis.
PDCD4 has been identified as a gene that is upregulated during apoptosis (37) . Recently, PDCD4 was found to be a principal target of miR-21 in numerous types of cells, including colon cancer cells, human glioblastoma cells, cardiomyocytes, HUVECs and human peripheral blood mononuclear cells (19, (38) (39) (40) . It remains to be elucidated whether PDCD4 is also a target gene of miR-21 in Raw 264.7 macrophages incubated with high glucose. In order to confirm this, Raw 264.7 macrophages were treated with a high concentration of glucose for various time periods, demonstrating that mRNA and protein levels of PDCD4 were downregulated by a high concentration of glucose, which suggested PDCD4 is a potential target of miR-21.
To further clarify the interaction between miR-21 and PDCD4 in high-concentration glucose-treated Raw 264.7 macrophages, miR-21 expression was modulated via the use of an anti-miR-21 inhibitor and the change in PDCD4 expression was observed. It was identified that PDCD4 expression was significantly increased following inhibition of miR-21 expression, which demonstrated that miR-21 suppresses PDCD4 expression. In addition, treatment of macrophages with an miR-21 inhibitor and a high concentration of glucose, markedly increased PDCD4 expression compared with that in cells treated with an miR-21 inhibitor and normal glucose. Previous studies have demonstrated that miR-21 binds to the 3'-untranslated region (UTR) of the PDCD4 gene at nucleotides 228-249 (41) . Based upon this finding, it is hypothesized that PDCD4 is directly suppressed by miR-21 in macrophages and is involved in macrophage apoptosis induced by high concentrations of glucose. In the early stages of macrophage apoptosis, a high level of glucose primarily induces the expression of miR-21, which suppresses PDCD4 expression by binding to the 3'-UTR of PDCD4. In addition, the induction of miR-21 resists high-concentration glucose-independent macrophage apoptosis. However, in the late stages of apoptosis, high glucose levels cause a high level of cell apoptosis, accompanied by markedly increased PDCD4 expression,which suggests that upregulated PDCD4 may regulate miR-21 expression induced by high concentrations of glucose in a negative feedback manner.
Macrophage apoptosis has been observed to promote vulnerable atherosclerotic plaque progression. Since it has been identified that miR-21 is implicated in reducing macrophage apoptosis that is induced by high concentrations of glucose, and that miR-21 may inhibit high-concentration glucose-induced apoptosis, miR-21 may have a protective role in the development of vulnerable atherosclerotic plaques. 
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However, further studies are required in order to elucidate the underlying mechanisms. The preliminary findings from the present study suggest that miR-21 may be a novel therapeutic target in atherosclerosis.
In conclusion, a high concentration of glucose induces the expression of miR-21 in Raw 264.7 macrophages. miR-21 appears to have a protective effect against macrophage apoptosis induced by high concentrations of glucose via PDCD4. An investigation of the association between mannose and gene-mediated apoptosis may be beneficial in the future in order to expand this field of knowledge.
